ABSTRACT: Site-directed mutagenesis in the photosystem II (PSII) oxygen-evolving enzyme was achieved in the thermophilic cyanobacterium Thermosynechococcus elongatus. PSII from this species is the focus of attention because its robustness makes it suitable for enzymological and biophysical studies. PSII, which lacks the redox-active tyrosine Tyr D , was engineered by substituting a phenylalanine for tyrosine 160 of the D2 protein. An aim of this work was to engineer a mutant for spectroscopy, in particular, for EPR, on the active enzyme. The Tyr D
Photosystem II (PSII) 1 catalyses light-driven water oxidation and plastoquinone reduction in cyanobacteria, algae, and plants (1) (2) (3) (4) (5) (6) . Water oxidation takes place at a Mn 4 CaO 4 cluster, a structural model for which has been recently proposed based on X-ray crystallography (7) . This model is largely consistent with earlier spectroscopic work (8, 9) . PSII is a membrane-spanning complex constituted of at least 16 subunits including the central D1/D2 dimer that is surrounded by CP43 and CP47, cytochrome b559, 11 small polypeptides, and 3 extrinsic proteins, including the cytochrome c550. PSII contains chlorophylls (Chls), carotenoids, pheophytins, plastoquinones, a non-heme iron, a calcium, and 4 manganese ions. Although the deduced amino acid sequences of D1 and D2 share a rather low homology (30%) (10, 11) , the important amino acid residues such as those that act as ligands to the cofactors are conserved. The central Chl molecules (P D1 and P D2 , Chl D1 and Chl D2 ), pheophytins (Pheo D1 and Pheo D2 ), plastoquinones (Q B and Q A ), peripheral Chls (Chl ZD1 and Chl ZD2 ), and two redox-active tyrosines (Tyr Z and Tyr D ) occupy symmetrical position on the D1 and D2 proteins and are hydrogen-bonded to D1-H190 and D2-H189, respectively (5) (6) (7) (12) (13) (14) (15) , while the Mn 4 CaO 4 cluster is located in D1 (1) (2) (3) (4) (5) (6) (7) .
The absorption of a photon results in a charge separation between one of the central Chl molecules and a pheophytin molecule, Pheo D1 . The pheophytin anion transfers the electron to a quinone, Q A . P 680 + , where the cation is shared through a redox equilibrium over P D1 and P D2 (16, 17) , is reduced by a tyrosine residue, Tyr Z . Tyr Z
• is in turn reduced by the Mn 4 CaO 4 cluster. During the enzyme cycle driven by sequential light-induced charge separations, the oxidizing side of PSII goes through five different redox states that are denoted S n , n varying from 0 to 4 (18) . Oxygen is released during the S 3 -S 0 transition, in which S 4 is a transient state (1) (2) (3) (4) (5) (6) 18) .
The recent structural models of PSII based on X-ray crystallography have come from the thermophilic cyanobacterium Thermosynechoccocus elongatus (7, 19, 20) . The enzyme in this species is very robust, and this makes it particularly suited not only for crystallography (7, 19) but also for spectroscopic and enzymological studies (21) (22) (23) (24) (25) (26) (27) (28) . This cyanobacterium, however, is less well-suited for molecular biological studies because of, for example, (i) difficulties in the introduction of exogenous DNA in the chromosome, (ii) the presence of processes of recombination between the introduced gene and genomic DNA, and (iii) the very slow segregation of mutated cells in culture on plates. While it has been possible to generate a histidinetagged strain that has allowed more efficient isolation of the enzyme (29) , up to now, no single amino acid site-directed mutagenesis of the PSII reaction center has been reported. Here, we set out to produce a site-directed mutant in the PSII reaction center of T. elongatus.
Our aim was to develop procedures to produce mutants in T. elongatus and then to isolate mutated PSII in which the Mn 4 CaO 4 cluster remains completely intact. The target chosen was the replacement of the redox-active tyrosine Tyr D with phenylalanine (Y160F) in the D2 protein. There were several reasons for this choice: (i) The mutant has been constructed before in mesophilic species (30, 31) , and the enzyme was still functional in whole cells; thus, we expected photosynthetic growth to be largely unaffected, a prerequisite in T. elongatus, which is not able to grow on glucose unlike Synechocystis sp. PCC 6803. (ii) The stable radical Tyr D • could be monitored by electron paramagnetic resonance (EPR) in whole cells, and therefore the progress of the molecular biological work could be easily monitored. ( iii) The role of Tyr D is still being debated, reviewed in ref 32 and see below. (iv) An isolated, fully intact, Tyr D -less enzyme would represent the ideal and long-wished-for material for many spectroscopic studies of the enzyme. The kinetically competent Tyr Z , which is at the heart of the active site (33) , can potentially be confused with Tyr D . The problem is particularly marked in EPR studies. Although EPR has played a leading role in understanding the structure and function of PSII, all studies of the intact enzyme have had to deal with the fact that Tyr D
• contaminates the spectra. This can obscure and confuse studies of Tyr Z
• or any other radical process in the active enzyme.
Despite structural similarities, Tyr Z The kinetic properties of Tyr Z depend on several factors such as the integrity and redox state of the Mn 4 CaO 4 cluster and the presence of the calcium ion. In oxygen-evolving PSII, electron donation from Tyr Z to P 680 + occurs in the tens of nanoseconds to microseconds time scale and depends on the redox state of the Mn 4 CaO 4 cluster (35) (36) (37) . Reduction of Tyr Z
• by the Mn 4 CaO 4 cluster occurs in the tens of microseconds to milliseconds time scale depending on the redox state of the Mn 4 CaO 4 cluster (40, 41) . Tyr D
• is stable and decays in days in the intact enzyme (32) .
Tyr D is present in all species so far investigated, yet its removal by site-directed mutagenesis seemed only to slow cell growth (30, 31) , while not greatly influencing the enzyme function. A role for Tyr D in so-called "photo-activation", the process by which Mn II is bound, oxidized, and assembled as the Mn 4 CaO 4 cluster, was suggested (31, 40) , and experimental evidence confirming such a role was obtained recently (41) .
In the oxygen-evolving enzyme, Tyr D has a redox role. It can donate electrons to the Mn 4 CaO 4 cluster when in the long-living high redox states, S 2 and S 3 (42, 43) , and Tyr D
• is able to oxidize the lowest redox state of the enzyme cycle, converting S 0 to S 1 (40) and also more reduced forms of the Mn 4 CaO 4 cluster (44). These redox reactions are thought to occur through the equilibrium Tyr D
• + P 680 T Tyr D + P 680
+ . An electrostatic role for Tyr D might occur through the generation of a proton upon radical formation, Tyr D
• (H + ) (32), with the proton located on a close-by protonatable group such as D2-H189 (13, 14) . This proton would have an electrostatic influence on P 680 + , increasing its potential and displacing the redox equilibrium, P D1 + P D2 T P D1 P D2 + , to the left, thereby accelerating the rate of Tyr Z oxidation, reviewed in refs 17 and 32. Studies on the electrostatic role of Tyr D
• , however, were done in Mn-depleted PSII from Synechocystis sp. PCC 6803. In a Tyr D -less mutant of Chlamydomonas, an oxygen-evolving preparation was studied and no evidence for an electrostatic influence was seen (45) . Thus, some doubts over an electrostatic role exist.
In this work, we present the first single amino acid sitedirected mutagenesis in T. elongatus. Addition at the same time of a histidine-tag on the C terminus of CP43 allowed the rapid purification of an highly active Y160F-PSII mutant. The enzyme function in the absence of Tyr D was studied with a range of biophysical methods, and the influences of Tyr D are defined. In addition, we show that this material can be used to obtain EPR spectra of the active isolated enzyme uncontaminated with Tyr D
• , in particular, some of those originating from the Mn 4 CaO 4 cluster (e.g., refs 46-51) . This genetically engineered strain will thus open the door for future spectroscopic studies.
EXPERIMENTAL PROCEDURES

Construction of Mutants.
Two psbD genes are present in the genome of T. elongatus (psbD 1 and psbD 2 ) 2 (11) . The lengths of psbD 1 and psbD 2 are both 1056 bp. The amino acid sequences deduced from the nucleotide sequences of these two genes are identical, but psbD 1 and psbD 2 differ by four nucleotides. The 3′-terminal region of psbD 1 overlaps by ≈50 bp with the psbC gene, which encodes the CP43 protein. Before doing site-directed mutagenesis in psbD 1 , deletion of psbD 2 was done as described below.
psbD 2 was cloned including the noncoding regions of 800 bp upstream and 780 bp downstream by using PCR amplification (Expand High Fidelity PCR System, Boehringer Mannheim), and the DNA sequences were confirmed. The amplified DNA was subcloned into pUC19 vector. For deletion of psbD 2 from the wild-type (WT) genome, 910 bp of psbD 2 between the +150 and +1060 positions, which includes the stop codon, were replaced by a chloramphenicol (Cm)-resistant gene cassette by using pUD2Cm R 3′ as shown in Figure 1A .
psbD 1 and psbC have been previously cloned into the pBluescriptII KS+ vector (29) . Additional nucleotides encoding six consecutive histidine residues and a kanamycin (Km)-resistant gene cassette were inserted between the 3′ terminus of psbC and the noncoding region of psbC (pUD243H) (29) . For the Y160F mutation, the position around +480 in psbD 1 was modified by using a QuickChange XL Site-Directed Mutagenesis Kit (Stratagene) and PCR primers as shown in Figure 1B . To have a simple test for the presence of the Y160F mutation and to improve the selection of the mutants, an Ssp I restriction site was created together with the codon for Phe160. The construct of the plasmid pUDY160FKm R is shown in Figure 1C .
T. elongatus WT cells were transformed with pUD2Cm R 3′ for construction of the psbD 2 -deleted mutant [WT(∆psbD 2 )], and the recombinant cells were selected by using the Cm antibiotic. For production of the Y160F mutant, the WT-(∆psbD 2 ) cells were transformed with pUDY160FKm R and selected by DNA analyses prepared from the genome of Kmresistant cells as mentioned below. Transformation was done by electroporation (BioRad gene pulser) with 40 µL of T. elongatus cells (OD 730 ) 60) and 6 µg of plasmid DNA under the following conditions: 10 kV cm -1 , 25 µF, and 200 Ω. After the transformation, cells were spread on a DTN (29) plate including 20 µg of Km mL -1 and/or 2.5 µg of Cm mL -1 and cultivated at 45°C under white fluorescent lamps at ≈30 µmol of photons m -2 s -1
. Single colonies were streaked onto new DTN plates containing antibiotic(s). To select the mutant cells, the genomic DNA was extracted from the antibiotic-resistant cells, which came from single colonies after the transformation. For confirmation of the segregation on psbD 2 , the region between the upstream and downstream of the psbD 2 open-reading frame was amplified by PCR, and then its length was analyzed. For the site-directed mutation on psbD 1 , the nucleotides were amplified by using primers, which were designed at positions -35 to -5 and +630 to +660 of psbD 1 . The amplified 695 bp DNA was analyzed with Ssp I (New England Biolabs). The single colonies of selected cells were inoculated onto new DTN plates, including 40 µg mL -1 of Km and/or 5 µg mL -1 of Cm. This procedure was repeated until all of the amplified DNA was completely digested into two fragments of 515 and 180 bp. In the following, WT refers to the wild type, WT′ refers to the wild type in which an His-tag has been added to CP43 (29) , WT(∆psbD 2 ) refers to the wild type in which the psbD 2 gene has been deleted, Y160F-psbD 1 refers to the wild type in which the Y160F mutation has been introduced into psbD 1 by keeping psbD 2 intact, and Y160F refers to the wild type in which (i) CP43 has a His-tag, (ii) the psbD 2 gene has been deleted, and (iii) the Y160F mutation has been introduced into psbD 1 .
Purification of Thylakoids and PSII. The transformed cells were grown in 1.5 L of DTN with antibiotic(s) in 3-L Erlenmeyer flasks in a rotary shaker with a CO 2 -enriched atmosphere at 45°C under continuous light (≈80 µmol of photons m -2 s -1 ). Thylakoids and PSII were prepared as described earlier (27, 29) . Routinely, the total amount of Chl before breaking of the cells was 100-150 mg, and the yield after PSII purification in terms of the Chl amount was ≈3%.
Acetate Treatment. Untreated isolated Y160F-PSII complexes were diluted to ≈0.1 mg of Chl mL -1 in a medium containing 10% glycerol, 0.3 M mannitol, 15 mM Ca(OH) 2 , 1 M Betaine, and 5 mM 2-(N-morpholino)ethanesulfonic acid (Mes) at pH 6.5. Then, the PSII was pelleted by centrifugation (15 min, 170000g) after the addition of the same medium containing 50% (w/v) poly(ethylene glycol) (PEG) 8000, so that the final PEG concentration was 15%. Then, the pellet was resuspended in a medium containing 0.5 M acetic acid, 0.3 M mannitol, 15 mM Ca(OH) 2 , and 40 mM Mes (the pH was adjusted to 5.1 by adding NaOH). PSII was collected by centrifugation (15 min, 170000g) after the addition of the same medium containing 50% (w/v) PEG 8000 (the final PEG concentration was 15%). The pellet was resuspended in 0.5 M acetic acid, 0.3 M mannitol, 15 mM Ca(OH) 2 , and 40 mM Mes at pH 5.1 (with NaOH) and loaded into EPR tubes. After dark adaptation for 1 h at room temperature, 0.5 mM phenyl-p-benzoquinone (PPBQ, dissolved in Me 2 -SO) was added before freezing the sample in liquid N 2 .
Oxygen EVolution Measurements. Oxygen evolution of PSII under continuous light was measured at 25°C by polarography using a Clark-type oxygen electrode (Hansatech) with saturating white light at a Chl concentration of 2 µg of Chl mL -1 in a medium containing 10 mM NaCl, 15 mM CaCl 2 , 15 mM MgCl 2 , 1 M Betaine, and 40 mM Mes at pH 6.5. A total of 0.5 mM DCBQ (2,6-dichloro-pbenzoquinone, dissolved in Me 2 SO) was added as an electron acceptor.
Oxygen evolution under flashing light was measured with a lab-made rate electrode (27) . Concentration of the thylakoids was 1 mg of Chl mL -1 without addition of an electron acceptor. Illumination was done with a xenon flash. The power of the xenon flash was adjusted so that the light intensity was saturating (27) . Measurements were done at room temperature (20-25°C). The flash-induced oxygen evolution patterns reported here were obtained as follows: the direct current was recorded with a numerical oscilloscope, and then the derivative versus time was computed mathematically. The derivative step (d t) used was d t ) 10 ms. The amplitude of the derivative signal A n , which is proportional to the amount of O 2 evolved per flash, was plotted versus the flash number. Analysis of the flash-induced oxygen evolution patterns were done using the standard equations listed below assuming that the miss (R) and doublehit ( ) parameters were equal on all flashes Kinetics of the S n States in the Dark. The rate of reduction (or "deactivation"), in the dark, of the S 3 and S 2 states was determined as follows. Samples, dark-adapted for 1 h on the electrode, were submitted to 2 flashes to form the S 3 state in the majority of centers. Then, after a second dark period (the deactivation time), varying from 0.4 s to 60 min, a series of 19 flashes was given. The flash-induced O 2 evolution patterns were measured and fitted (using eqs 1 and 2), using the same R and values determined from the flash-induced oxygen evolution pattern (Figure 3) , and the S 3 /S 2 /S 1 /S 0 contents after each dark time were deduced. For each sample, the concentrations of S 3 , S 2 , and S 1 versus the dark time after 2 flashes were fitted globally using exponential decays as previously described (ref 27, also see the Supporting Information).
The oxidation rate in the dark of the S 0 state into the S 1 state was determined using the following protocol. Samples dark-adapted for 1 h (on the electrode) at room temperature (i.e., mainly in the S 1 state) were submitted to 3 flashes to form the S 0 state in the majority of centers. Then, after a second dark period, varying from 0.4 s to 60 min, a series of 19 flashes was given. The flash-induced O 2 evolution patterns were measured and fitted using eqs 1 and 2 to deduce the S 3 /S 2 /S 1 /S 0 concentrations after the varying dark periods. The data were fitted using the following equation:
where [S 0 ] t)1h is the S 0 concentration after 1 h.
UV-Visible Absorption Changes. Absorption changes were measured with a lab-built spectrophotometer (52) , where the absorption changes are sampled at discrete times by short flashes. These flashes were provided by a neodymium:yttriumaluminum garnet (Nd:YAG) pumped (355 nm) optical parametric oscillator, which produces monochromatic flashes (1 nm full-width at half-maximum) with a duration of 6 ns. Excitation was provided by a dye laser pumped by the second harmonic of a Nd:YAG laser (685 nm, 1 mJ). PSII was used at 25 µg of Chl mL -1 in 15 mM CaCl 2 , 15 mM MgCl 2 , 1 M Betaine, and 40 mM Mes at pH 6.5. After dark adaptation for 1 h at room temperature (20-22°C), 0.1 mM PPBQ was added as an electron acceptor.
Fitting of the Flash-Induced Absorption Changes at 292 nm. For technical reasons, the analytic laser flash had a small actinic effect. To partially take into account this effect, the data were fitted using a double-hit parameter different from zero. First, the two parameters, R (miss) and (double hit), were calculated by using the procedure developed by Lavorel (53) . Then, the 3 differential extinction coefficients, ∆ 0 , ∆ 1 , and ∆ 2 (corresponding to the S 0 f S 1 , S 1 f S 2 , and S 2 f S 3 transitions, respectively) were estimated by using the fitting procedure developed by Lavergne (refs 54 and 55, also see the Supporting Information).
Time-ResolVed Absorption at 820 nm. Excitation flashes (300 ps, 532 nm) were provided with a Nd:YAG laser (Quantel, Les Ulis, France) at a repetition rate of 1 Hz. The flash energy at the sample was varied between ∼4 mJ cm -2 and ∼250 µJ cm -2 by insertion of neutral density filters. Such variation was found to change only the amplitude of the absorption changes, while the kinetics were superimposable within the signal-noise ratio after normalization of the amplitudes. The measuring light was provided by a continuous wave (cw) laser diode emitting at 820 nm (SDL-5411-G1, Spectra Diode Labs, San Jose, CA). A cutoff filter RG780 was placed before the cuvette and an 820-nm interference filter (10-nm bandwidth), after the cuvette (path length ) 10 mm, 2 mm broad). The measuring light intensity and the flash-induced changes were monitored behind the sample, and the interference filter with a photodiode (FND 100, EG and G, Salem, MA) was connected to an amplifier (HCA, 28 dB, DC-325 MHz; FEMTO, Berlin, Germany) and a digital storage oscilloscope DSA 602A with plug-in 11A52 (DC-100 MHz, Tektronix, Beaverton, OR). Typically, 16 signals were averaged to improve the signal-to-noise ratio. The kinetic data were fitted into a multiexponential decay with a Marquart least-squares algorithm program kindly provided by P. Setif (CEA Saclay). Time zero was set at half-rise of the absorption increase. Fitting was started 10 ns after time zero to exclude a very fast phase with a t 1/2 e 3 ns that might be due to the decay of singlet excited Chls. Relative amplitudes of the exponential phases are quoted for time zero. Samples were in a medium containing 10 mM NaCl, 15 mM CaCl 2 , 15 mM MgCl 2 , 1 M Betaine, and 40 mM Mes at pH 6.5, with 0.5 mM PPBQ as an electron acceptor.
[
EPR Spectroscopy. cw-EPR spectra were recorded using a standard ER 4102 (Bruker) X-band resonator with a Bruker ESP300 X-band spectrometer equipped with an Oxford Instruments cryostat (ESR 900). Flash illumination at room temperature was provided by a Nd:YAG laser (532 nm, 550 mJ, 8 ns Spectra Physics GCR-230-10). PSII samples at ≈1 mg of Chl mL -1 were loaded in the dark into quartz EPR tubes and further dark-adapted for 1 h at room temperature. Then, the samples were synchronized in the S 1 state with one preflash (40) . After another dark period of 1 h at room temperature, 0.5 mM PPBQ dissolved in Me 2 SO was added (the final concentration of Me 2 SO was ≈2%). After illumination by the indicated number of flashes, the samples were frozen in the dark to 198 K, degassed at 198 K as already described (21), and then transferred to 77 K. Nearinfrared illumination of the samples was done directly in the EPR cavity and was provided by a laser diode emitting at 820 nm (Coherent, diode S-81-1000C) with a power of 600-700 mW at the level of the sample (56) .
Fourier Transform Infrared (FTIR) Measurements. For the measurements of P 680 + /P 680 FTIR difference spectra, PSII was depleted of Mn by an NH 2 OH (10 mM) treatment for 1 h at room temperature in a 10 mM Mes-NaOH buffer (pH 6.0) containing 50 mM sucrose, 10 mM NaCl, 0.5 mM EDTA, and 0.06% n-dodecyl--maltoside ( DM). The PSII was then washed using the same buffer and concentrated to about 6 mg of Chl mL -1 , using a Microcon-100 (Amicon). The sample (5 µL) was mixed with 0.5 µL of 1 M potassium ferricyanide and 0.5 µL of 20 mM silicomolybdate, lightly dried on a BaF 2 plate under N 2 gas flow, and covered with another BaF 2 plate with 1 µL of water. The sample temperature was adjusted to 265 K in a liquid N 2 cryostat (Oxford DN1704) using a controller (Oxford ITC-5). FTIR spectra were recorded on a Bruker IFS-66/S spectrophotometer equipped with an MCT detector (Infrared D316/8). The P 680 + /P 680 spectrum was obtained as a difference between the measurements in the dark for 1 s and during illumination for 1 s. This dark-light cycle was repeated 1000 times, and the spectra were averaged. The final data were obtained as an average of the spectra recorded using two different samples. Illumination was performed with continuous white light from a halogen lamp (Hoya-Schott HL150) with a light intensity of about 60 mW cm 2 at the sample surface. The spectral resolution was 4 cm -1 . 2 Gene and Construction of the Y160F Mutant. Two psbD genes are present in the genome of T. elongatus (psbD 1 and psbD 2 ) (11). Because the relative level of expression of these genes was not known in this organism, in the early stages of this work, the Y160F mutation in the D2 protein was done by changing the TAT (Tyr) codon into the TTC (Phe) codon in psbD 1 without knocking out the psbD 2 gene (Figure 1 ). To confirm that all copies of the psbD 2 genes were completely segregated, single colonies of the Y160F-psbD 1 mutant cultivated on plates were grown in a liquid culture under a light intensity of ≈60 µmol of photons m -2 s -1
RESULTS
Expression of the psbD
. The Tyr D content in the Y160F-psbD 1 mutant cells was estimated and compared to that in the WT′ cells, cultivated under the same conditions, by measuring the Tyr D
• EPR signal (Figure 2 ). The amplitude of the Tyr D
• EPR signal in different batches of cells was calibrated as follows. The EPR spectra of whole cells were recorded (spectrum a of Figure 2A) , and the relative concentration of the different batches of cells was estimated by using two internal EPR probes: (i) the three major resonances of the high-spin S ) 5 / 2 Fe III signal originating from superoxide dismutase (FeSOD) (spectrum b of Figure  2A ) (57) and (ii) the g z resonance of the unbound cytochrome c550 signal (spectrum c of Figure 2A ) (58) . The PSII-bound cytochrome c550 seems to be undetectable under these experimental conditions. In the course of this study, it was found that the ratio of FeSOD to unbound cytochrome c550 was almost constant so that either of these proteins could be considered as being proportional to the cell concentration. In addition, the concentration of these two proteins inside the cells relative to PSII (measured as Tyr D
•
) was not significantly affected by the different mutations made here (results not shown). Additional features can be seen in Figure  2A : (i) signals at ≈1000 and 1600 G from unidentified Fe III , (ii) the 6 lines from Mn II between 3000 and 4000 G (similar amounts of Mn II were found in the WT and mutants cells), and (iii) the narrow Tyr D
• signal at ≈3350 G, which is out of scale under these recording conditions. • EPR signal recorded in Y160F cells. For A, the instrument settings were temperature ) 15 K, modulation amplitude ) 25 G, microwave power ) 20 mW, microwave frequency ) 9.4 GHz, and modulation frequency ) 100 kHz. For B-D, the instrument settings were temperature ) 15 K, modulation amplitude ) 2.8 G, microwave power ) 2 µW, microwave frequency ) 9.4 GHz, and modulation frequency ) 100 kHz. mutation was retained. These results suggest that under these conditions the psbD 2 gene is expressed.
Therefore, before introducing the Y160F mutation in the psbD 1 gene, the psbD 2 gene was deleted from the chromosome and replaced by a Cm-resistant gene cassette, WT-(∆psbD 2 ), (Figure 1 ). Figure 2C shows that the Tyr D
• content in the WT(∆psbD 2 ) cells (spectrum f) was similar to that in the WT′ cells (spectrum d), showing that the PSII content was not affected by the deletion of psbD 2 . The option of knocking out psbD 1 and introducing the mutation into psbD 2 was not chosen because complications may arise from the overlap between psbC and psbD 1 (Figure 1 ). When the Y160F-psbD 1 mutation was introduced into the WT(∆psbD 2 ) as the host cells (together with the addition of the His-tag on CP43 encoded by psbC), the resulting cells completely lacked the Tyr D
• EPR signal (spectrum g of Figure 2D ). (30, 31) .
It is worth noting that, before we produced the psbD 2 -deleted strain, a strain was made in which the psbD 2 gene was inactivated by insertion of a spectinomycin/streptomycinresistant cassette and the Y160F mutation in psbD 1 (together with the addition of the His-tag on psbC) was introduced. Despite confirmation of complete segregation of the genome in single colonies after cultivation on plates, during continuous cultivation in liquid, we observed that (i) the Ssp I sequence was lost and psbD 1 reverted to the WT sequence and/or (ii) the psbD 2 gene recovered its normal length even though the resistance to spectinomycin/streptomycin was retained. These results indicate the occurrence of recombination processes between psbD 2 and psbD 1 and the displacement of the antibiotic resistance cassette within the genome.
The growth rate of the different strains was measured either under moderate light intensity (≈60 µmol of photons m -2 s -1 ) or low light intensity (≈15 µmol of photons m -2 s -1 ) (see the Supporting Information). When the cells were cultivated under the moderate light intensity, the doubling times of the WT′, WT(∆psbD 2 ), and Y160F cells were approximately 16, 16 , and 25 h, respectively. Under low light intensity, the doubling times were approximately 33, 32, and 39 h, respectively. Also detectable was a marked lag in the growth of Y160F cells, which is absent in the WT′ and WT(∆psbD 2 ) cells (see the Supporting Information).
Oxygen EVolution. The oxygen evolution activities of purified WT′-PSII and Y160F-PSII measured under continuous saturating light were found to be similar and close to 3500 µmol of O 2 mg -1 of Chl h -1 using DCBQ as an electron acceptor at 25°C and pH 6.5.
Flash-Induced Oxygen EVolution and S-States DeactiVation. Flash-induced O 2 evolution patterns from WT′ and Y160F thylakoids dark-adapted for 1 h at room temperature on the polarized electrode are shown in Figure 3 . This technique requires the use of thylakoids (or cells) rather than isolated PSII because sedimentation of the sample on the bare platinum electrode is required. From the fit of the sequences (eqs 1 and 2 in the Experimental Procedures), the following parameters were obtained: in WT′, R ) 8%, ) 7%, S 1 ) 85%, and S 0 ) 15% (‚‚‚, Figure 3) ; in Y160F, R ) 9%, ) 6%, S 1 ) 72%, and S 0 ) 28% (s, Figure 3) . The R and parameters were found to be similar in both samples. By contrast, the proportion of S 0 was significantly higher in Y160F thylakoids. As expected, the absence of Tyr D
• eliminated the conversion of S 0 into S 1 in the dark, which normally occurs via the S 0 Tyr D
• f S 1 Tyr D reaction (40) .
The stability of the S n states in the Y160F enzyme was investigated by using a Joliot-type O 2 electrode. The plots of the S 3 /S 2 /S 1 concentrations versus the dark time in WT′ and Y160F thylakoids are shown in parts A and B of Figure  4 , respectively. Results from the fits are listed in Table 1 .
In WT′ thylakoids, the S 3 , S 2 , and S 1 concentrations were free parameters in the fitting procedure. The S 3 -S 2 deactivation was found to be biphasic, and the three fitted curves satisfactorily follow the S 3 , S 2 , and S 1 concentrations measured experimentally (Table 1 ). In the Y160F thylakoids, the experimental data points are qualitatively different: (i) decay of S 3 was well-fitted using a single exponential, and (ii) the formation of S 1 did not correspond to the sum of the decay of S 3 and S 2 . The best fit of the data in Figure 4B was obtained by using only S 3 and S 2 concentrations as the free parameters. While the fits are satisfactory for the S 3 and S 2 concentrations, for the longer dark periods, the calculated curve for the S 1 concentrations deviated significantly from the experimental data ( Figure 4B ). This suggests that in Y160F thylakoids the kinetic model was not fully appropri- ate. This is further supported by the time dependence in the dark of the S 0 concentration. While in WT′ thylakoids, the S 0 concentration was found almost constant during the dark periods (×, Figure 4A ), in Y160F thylakoids, the S 0 concentration increased slowly in the dark (×, Figure 4B ) probably to the detriment of S 1 . This would explain the overestimate of S 1 in the fitted curve. In Y160F thylakoids, after the 2 preflashes, the S 0 level was ≈8% and increased with a t 1/2 of approximately 30 min to reach ≈30% after 60 min. Such results show that, under conditions in which the Y160F thylakoids were sedimented onto a polarized electrode, there is probably a slow reduction of S 1 in ≈30% of the centers.
For the short dark periods, where the kinetic model is not complicated by the apparent slow decay of S 1 , results in Figure 4 show that the fast phase with a t 1/2 of 7.8 s, observed for the S 3 reduction in WT′ thylakoids, was absent in Y160F thylakoids. This confirms the suggestion made earlier (27) that the t 1/2 of 7.8 s in WT′ thylakoids corresponds to the reduction of S 3 into S 2 by Tyr D . The slow phase for the S 3 reduction into S 2 in WT′ thylakoids was found to be similar to the main phase in Y160F thylakoids. The rate of S 2 reduction into S 1 was found to be close in the WT′ and Y160F thylakoids.
The oxidation rate in the dark of the S 0 state into the S 1 state in samples prepared to contain a high amount of S 0 are shown in Figure 4C for WT′ and Y160F thylakoids. The data were fitted using eq 6 in the Experimental Procedures. In WT′ thylakoids, the disappearance of the S 0 state occurred with a t 1/2 of ≈ 10 min for 62% of the initial S 0 concentration. The remaining 38% of the initial S 0 concentration was longerlived than the time scale used here. In Y160F thylakoids, the S 0 state was stable in the experimental time range. These results clearly confirm that the oxidation in the dark from S 0 to S 1 (60) results from the S 0 Tyr D
• to the S 1 Tyr D reaction (40) .
The rate of oxygen release on the S 3 Tyr Z • f S 0 Tyr Z transition can be roughly estimated with the electrode used above (27, 61) . The t 1/2 for the oxygen release was estimated to be 1-2 ms both in WT′ and Y160F thylakoids (see the Supporting Information). This confirms that the mutation had no effect on the limiting step in the oxygen evolution process.
P 680 + Reduction Kinetics. Flash-induced absorption changes at 820 nm were measured with a time resolution of about 3 ns on WT′-PSII and Y160F-PSII (see the Supporting Information). The Y160F mutation had small but reproducible effects on P 680 + reduction, namely, a slight acceleration in the tens of nanoseconds scale and some slowing in a scale from a few microseconds to a few hundreds of microseconds. Five exponentials were required for acceptable fits in the range from 10 ns to 1.6 ms. With more than five exponentials, the best-fit parameters varied considerably between independent experiments on the same type of sample. The best-fit parameters with five exponentials were for WT′, t 1/2 (a) ) 19 ns (28% of the total decay), t 1/2 (b) ) 92 ns (19%), t 1/2 (c) ) 2 µs (19%), t 1/2 (d) ) 35 µs (23%), and t 1/2 (e) ) 211 µs (11%); and for Y160F, t 1/2 (a) ) 16 ns (30%), t 1/2 (b) ) 70 ns (22%), t 1/2 (c) ) 3 µs (12%), t 1/2 (d) ) 49 µs (25%), and t 1/2 (e) ) 316 µs (11%). The qualitative mutation effects described above are reflected in the fit parameters mainly by slightly shorter t 1/2 values and larger relative amplitudes of the two fastest phases a and b, a longer t 1/2 and smaller amplitude of phase c, and a longer t 1/2 of the slowest phase e.
We consider these fits as the simplest acceptable mathematical description of our experimental data, rather than as a true representation of all kinetic processes involved in the reduction of P 680 + . Because P 680 + reduction is known to depend on the S states and to be already multiphasic in each S state (37-39), more than five kinetic phases are likely to contribute under repetitive excitation conditions. An improved signal-to-noise ratio would be required to resolve a larger number of kinetic phases. Nevertheless, our data provide a global view of the effect of the absence of Tyr D
• on the reduction kinetics of P 680
Flash-Induced Absorption Changes at 292 nm.
The amplitude of the absorption changes upon flash illumination was measured in the hundreds of milliseconds time range (i.e., after the reduction of Tyr Z
• by the Mn 4 CaO 4 complex was complete) using a Joliot-type spectrophotometer (39, 52, 55) at 292 nm. This wavelength corresponds to an isobestic point for PPBQ -/PPBQ (not shown) and is in a spectral region where the absorption of the Mn 4 CaO 4 complex depends on the S states (55) . Figure 5 shows the oscillation pattern in the absorption amplitude at 292 nm (b and 9, s) observed with WT′-PSII (A) and Y160F-PSII (B). Period four oscillations are clearly visible at least until the 23rd flash. Using the formula developed by Lavorel (53) and the oscillating patterns in Figure 5 , the following values were obtained: in WT′-PSII, R ) 6% and ) 5%; and in Y160F-PSII, R ) 7% and ) 6%. The miss parameters are close to those obtained in Figure 3 for the flash-induced oxygen evolution patterns, and they show that the Y160F mutation has also little effect on the oscillating properties in purified PSII. In this experiment, the double-hit parameter does not depend on the PSII properties and cannot be compared to those determined in Figure 3 (see the Experimental Procedures).
Data in Figure 5 were fitted as described in the Experimental Procedures (O, Figure 5 ). The first data point was not included into the fit as discussed earlier (55) . In darkadapted WT′-PSII, we obtained 100% S 1 and in darkadapted Y160F-PSII we obtained 79% S 1 and 21% S 0 . These percentages are close to those deduced from the fits of the flash-induced oxygen evolution patterns (Figure 3) . The ∆ 0 , ∆ 1 , and ∆ 2 corresponding to the S 0 -S 1 , S 1 -S 2 , and S 2 -S 3 transitions, respectively, found here were 0.20 × 10 -3 , 2.26 × 10 , respectively. These values are remarkably close to those found earlier at 292 nm in PSII from plants 3 (55) .
Flash-Induced Absorption Changes around 430 nm. Figure  6 shows the absorption changes from 415 to 450 nm in WT′-PSII (A) and Y160F-PSII (B) after the first 6 flashes of a series. Measurements were done 5 ns after the flashes. In this spectral region, the redox changes of several species, such as the Chls , cytochromes, and Tyr Z , give rise to absorption changes. The largest absorption change however is expected to reflect the formation of P 680 + upon lightinduced oxidation. It gives rise to a strong bleaching in the 430 nm region. In WT′-PSII (A), the spectra observed after each flash in a series were slightly but significantly different. After the second flash (b), i.e., in the S 2 P 680 + state, the spectrum was slightly red-shifted when compared to the spectrum after the first flash, i.e., in the S 1 P 680 + state (O). Figure 6C shows a plot of the absorption changes measured at 439 nm in WT′-PSII (b) upon each flash of a sequence. A clear period four oscillation is observed. Similar oscillations occurred at all wavelengths above 433 nm, and below 433 nm, the oscillating pattern was inverted. In Y160F-PSII, the spectra differ slightly from those in WT′-PSII (B) and variations of the spectra depending on the flash number were less-marked in Y160F-PSII (9, Figure 6C ) than in WT′-PSII (b in Figure 6C ).
Several nonexclusive hypotheses may account for this dependence upon the S states of the absorption changes observed shortly after the flash: (i) it may reflect the S nstate-dependent P 680 + reduction rate, (ii) P 680 or other Chls in the PSII complex may undergo an electrochromic shift upon the S n -state turnover, or (iii) a change may occur in the relative contribution from the various Chls (such as P D1 3 Values of the extinction coefficients correspond to samples with a Chl concentration of 25 µg mL -1 with 43 Chls per PSII reaction (27) and a path length of the sample of 2.5 mm. In the previous work on PSII from plants (55), values of the extinction coefficients corresponded to samples with ≈220 Chls per PSII reaction center, the Chl concentration was 12.5 µg mL -1 , and the path length of the sample was 15 mm. 9, B) . The samples (Chl ) 25 µg mL -1 ) were darkadapted for 1 h at room temperature before the addition of 100 µM PPBQ (dissolved in Me 2 SO). The measurements were done 300 ms after each flash. Open symbols and dotted lines correspond to fitted data calculated as described in the Results. and P D2 ) undergoing absorbance changes upon P 680 + formation. Discriminating between the two latter hypothesis is difficult; however, the first hypothesis is unlikely to account solely for the oscillating pattern because, in this case, one would observe homothetic spectra upon each flash in a series and this is not seen in data shown in parts A and B of Figure  6 .
Irrespective of the origin of the oscillating spectral contribution, the data for WT′-PSII in Figure 6C can be fitted with the same protocol as that used in Figure 5 and by using the miss and double-hit parameters and the S 1 /S 0 ratio used to fit the flash-induced absorption changes at 292 nm (see the Supporting Information). This fitting procedure results in 3 extinction coefficients ∆ 0 , ∆ 1 , and ∆ 2 corresponding to the absorption changes upon formation of the S 1 P 680 + , S 2 P 680 + , and S 3 P 680 + transitions, respectively. This allows us to simulate a theoretical flash sequence by keeping constant the 3 extinction coefficients ∆ 0 , ∆ 1 , and ∆ 2 and by varying the S 1 /S 0 ratio from 1:0 to 0.7:0.3, i.e., values close to those found in WT′-PSII and Y160F-PSII, respectively. The result of such a procedure clearly showed that the weaker oscillations in Y160F-PSII could not be explained only by a higher proportion of S 0 in the darkadapted material (see the Supporting Information). Consequently, the ∆ 0 , ∆ 1 , and ∆ 2 in Y160F-PSII must also differ from those in WT′-PSII, as expected, because the spectra differ in A and B of Figure 6 .
From the data in Figure 6A , it also appears that the flashinduced spectral changes were more pronounced above 433 nm than below this wavelength. This could occur if the P D2 spectrum, in addition to being red-shifted, is also slightly broader than the P D1 spectrum. Such a broadening could indicate a slightly different electronic coupling between P D1 and P D2 in the P D1 P D2 + states in Y160F-PSII.
FTIR Spectra of P 680
+ /P 680 . Figure 7 shows the P 680 + /P 680 difference spectra in Mn-depleted WT′-PSII (spectrum a) and Y160F-PSII (spectrum b). The overall features were basically similar. In particular, the frequencies and intensities of the negative peak at 1700 cm -1 and the positive peaks at 1724 and 1709 cm -1 were virtually unchanged. These bands were attributed to the keto CdO stretching bands of P 680 (negative peak at 1700 cm -1 and positive peaks at 1724 and 1709 cm -1 ) (62) (63) (64) . This indicates that the charge distribution and basic structure of P 680 did not drastically change in Y160F-PSII. Nevertheless, one clear change was observed in the small positive peaks at 1751 and 1742 cm -1 (inset c of Figure 7) . The 1751 cm -1 peak diminished, and the intensity of the 1741 cm -1 peak increased in Y160F-PSII. The double difference spectrum in this region (inset d of Figure 7 ) showed a (-/+/-) peak pattern at 1753/1742/1733 cm -1 with the positive 1742 cm -1 peak being strongest, suggesting that the possible differential signal at 1751(+)/ ∼1742(-) cm -1 downshifted by about 10 cm -1 in Y160F-PSII. It is noted that this signal change was reproducibly observed with different batches of the sample (although we cannot completely eliminate the possibility that these changes occur upon the Mn depletion procedure, the robustness of the Y160F-PSII seems to argue against this hypothesis). These peaks have been attributed either to the carbomethoxy CdO stretch of a Chl molecule (65) or to the CdO stretch of a protonated carboxylic acid of the protein (66) . The former assignment seems more likely because no carboxylic acid residues are found within 10 Å around both Tyr D and P 680 in the X-ray crystal structure (7). We cannot completely eliminate the possibility.
EPR Spectroscopy. Figure 8 shows the EPR spectra recorded at 9 K on Y160F-PSII. Spectrum a was recorded on a sample in the S 1 state, and spectrum b was recorded after the sample was illuminated by one flash at room temperature, i.e., in the S 2 state. Spectrum b exhibits the S 2 -multiline signal. The additional features that can be seen in the spectrum ( Figure 8A ) are as follows: (i) the g z and g y resonances of cytochrome c550 at ≈2230 and ≈2920 G, respectively (60), (ii) a signal at g ) 4.3 (≈1600 G) from a contaminant Fe III , and (iii) the amplitude of the signals at g ) 7.6 and 5.5, which originate from the oxidized non-heme iron and oscillate with a period of 2 because of oxidation of the Fe 2+ by the semiquinone form of PPBQ on the oddnumbered flashes, followed by reduction of Fe 3+ by Q A -on even-numbered flashes (67) .
The light-minus-dark spectrum showing the multiline signal with better resolution than in Figure 8A is shown in spectrum c of Figure 8B . A narrow structureless signal around g ) 2 was light-induced together with the multiline signal (spectrum c of Figure 8B ). The width of this signal is approximately 8 G, and the g value is close to 2.0032. Using the amplitude of the S 2 -multiline signal in WT′-PSII and that in Y160F-PSII as references, the value of the double integral of the narrow light-induced signal in Y160F-PSII was estimated to be approximately 0.2-0.3% of that of Tyr D
• in WT′-PSII, i.e., arising in about 0.2-0.3% of the centers. The narrow radical and the multiline signal were measured after various dark periods at room temperature following the flash illumination (not shown). The multiline signal decayed with a t 1/2 ≈ 8 min. The majority of the narrow signal decayed also with t 1/2 ≈ 8 min, while approximately 20-30% of the signal decayed with a t 1/2 ≈ 1 min. The possible origins for these narrow signals will be discussed below.
To obtain an S 2 -multiline signal without interferences from other signals, we developed the following protocol. After the S 2 -multiline signal was recorded (spectrum c of Figure  8B ), the sample was further illuminated by a 820-nm light at 50 K in the EPR cavity. This near-infrared illumination has been shown to convert the spin ) 1 / 2 S 2 -multiline signal state into an S g 5 / 2 spin state characterized by signals around g ) 9 in cyanobacteria (56) . Spectrum d of Figure 8B is the difference signal of the before-minus-after 820-nm illumination and corresponds to the S 2 -multiline signal, which disappeared upon near-infrared illumination. Under these conditions, the S 2 -multiline signal is free from any radical signals at g ) 2. Using instrument settings appropriate for radical detection, it was verified that the amplitude of the light-induced g ) 2.0032 radical signal did not vary upon infrared illumination (not shown). To our knowledge, spectrum d of Figure 8B is the first report of the S 2 -multiline signal with no interference from any superimposed signal in the central part of the spectrum.
The interest of the new Y160F-PSII preparation in EPR spectroscopy is further demonstrated in the study of a series of so-called split signals (49, 51, 68, 69) . The 176-G-wide signal induced by near-infrared illumination in the S 3 state of the enzyme (21, 51) has been attributed to S 2 Tyr Z
• formed by a near-infrared-induced back reaction (51) . In this state, Tyr Z
• has a spin ) 1 / 2 and S 2 is thought to have a spin ) 7 / 2 (71) . Spectra in Figure 9 show the 176-G-wide signal induced by near-infrared illumination in the S 3 state of either WT′-PSII (spectrum a) or Y160F-PSII (spectrum b). To form FIGURE 8: EPR spectra in untreated Y160F-PSII. (A) EPR spectra were recorded in dark-adapted Y160F-PSII, i.e., in the S 1 state (spectrum a) and after 1 flash given at room temperature (spectrum b). Instrument settings: modulation amplitude, 25 G; microwave power, 20 mW; microwave frequency, 9.4 GHz; modulation frequency, 100 kHz; and temperature, 9 K. [Chl] ≈ 1 mg mL -1 . (B) Spectrum c is the S 2 -minus-S 1 spectrum. Spectrum d corresponds to a difference spectrum obtained by subtracting the spectrum recorded after a 820 nm illumination at 50 K to that recorded before the near-infrared illumination. Spectra c and d were recorded with modulation amplitude equal to 18 G. the S 3 state, dark-adapted PSII was illuminated by one preflash and then, after a second dark adaptation for 1 h at room temperature and the addition of PPBQ, the samples were illuminated by 2 additonal flashes. The shape of the infrared-induced signal is similar to that recorded previously with a lower modulation amplitude (21) but is shown here without Tyr D
•
, which obliterated much of the spectrum. A further example is the light-induced signal in acetatetreated PSII (49) . This signal has been attributed to the S 2 -Tyr Z
• state in Synechocystis sp. PCC 6803 (72) . In this case, S 2 is attributed to a spin ) 1 / 2 state (49, 50) . The split signal in acetate-treated PSII is shown in Figure 10A . Spectrum a was recorded on a dark-adapted sample, and spectrum b was recorded after flash illumination at room temperature. Spectrum c corresponds to the light-minus-dark spectrum. Magnification of spectrum c shows that a small S 2 -multiline signal and a small signal at g ) 4.25 were induced by the illumination. The signal at g ) 3.02 is very likely due to the oxidation of cytochrome b559 in a proportion of the centers. Figure 10B compares the split signal in acetate-treated WT′-PSII (spectrum e) to that in Y160F-PSII. Again, the central part of the signal is resolved for the first time. It should be noted that a very small (in less than 1% of the reaction centers) narrow-free radical together with the split signal is also light-induced in this kind of sample. Nevertheless, because of the high microwave power, the high modulation amplitude used, and the very small amount of this lightinduced radical, its contribution in spectrum e of Figure 10B is negligible.
DISCUSSION
We describe the first single amino acid site-directed mutagenesis of PSII in T. elongatus, the thermophilic species that has provided the current crystallographic model of the enzyme (7). In T. elongatus, two genes potentially encode the D2 protein in PSII, psbD 1 and psbD 2 . Using the Tyr D
• EPR signal as a probe, it is shown here that, after introducing the Y160F mutation into D2, a change that affects the growth of the cells particularly under higher light intensities, the expression of the second D2 gene (psbD 2 ) attains ≈50% of that of psbD 1 . For this reason, the psbD 2 gene should be removed before mutating both the first D2 gene (psbD 1 ) and the gene for CP43 (psbC) in a single step, thereby introducing the Y160F mutation in the D2 protein and adding the Histag to CP43. • region was deleted.
FIGURE 10: EPR spectra in acetate-treated Y160F-PSII. (A) EPR spectra were recorded in dark-adapted Y160F-PSII, i.e., in the S 1 state (spectrum a) and after 18 flashes (spaced 500 ms apart), given at room temperature (spectrum b). Instrument settings: modulation amplitude, 18 G; microwave power, 20 mW; microwave frequency, 9.4 GHz; modulation frequency, 100 kHz, and temperature, 9 K.
[Chl] ≈ 1 mg mL -1 . Spectrum c is spectrum b minus spectrum a.
(B) Light-induced signals recorded on an expanded scale in Y160F-PSII (spectrum d) and WT′-PSII (spectrum e). In spectrum e, the Tyr D • region has been deleted.
The interruption of the psbD 2 gene with an antibioticresistant gene cassette, rather than its removal, was found to be inappropriate as an experimental system, because the mutations in the psbD 1 gene reverted to the normal sequence, the psbD 2 gene reverted to its normal length, yet the antibiotic resistance was maintained. These effects lead us to propose that recombination between the two D2 genes can occur in this species.
Under a light intensity equal to 60 µmol of photons m
, the growth of the Y160F cells was significantly slower than that of the WT′ cells. Therefore, the Y160F mutation creates a new limiting step in the cell growth. Such a slow down for this kind of mutant has already been observed in Synechocystis 6803 (30, 31) and ascribed to a decrease in the efficiency of photoactivation, the process by which the Mn cluster is assembled (31) . This suggestion was recently supported by experimental work in which it was shown that photoactivation occurs with greater efficiency in the Synechocystis 6803 WT than in the Y160F mutant (41) .
The rate of oxygen evolution in Y160F was similar to that in the WT′ in the isolated enzyme. It has been recently shown that the replacement of Ca 2+ by Sr 2+ in the Mn 4 CaO 4 cluster, which resulted in a slow down of oxygen evolution from 1 ms to 5-7 ms, had no effect on the growth rate of the cells (27) . Therefore, to explain the slower growth of Y160F cells, we have to invoke an effect of the Y160F mutation either on the electron-acceptor side of PSII or on processes different from electron transfer, such as PSII assembly or repair. Thermoluminescent experiments (not shown) indicate that the redox potential of Q A -/Q A is unaffected by the Y160F mutation. This suggests that the slower growth rate is not due to a change in the redox properties of Q A -. As suggested earlier (31, 40, 41) , a role for Tyr D in photoactivation of the enzyme seems the most likely explanation for the slow down in growth of the mutant. The longer lag phase before growth takes off in the Y160F mutant might be explained in the same way. When photoactivation is less-efficient, the Mnfree PSII is probably particularly susceptible to photodamage especially when cell densities are low and the light intensity is relatively high.
The flash-induced oxygen evolution measurements (in thylakoid membranes) and the flash-induced absorption changes measured at 292 nm (in isolated PSII) both show that the ratio S 1 /S 0 is much higher in dark-adapted WT′-PSII than in dark-adapted Y160F-PSII. The lower concentration of the S 0 state in WT′ is due to the S 0 Tyr D
• f S 1 Tyr D dark reaction (40) , which obviously cannot occur in the Tyr Dless mutant. In T. elongatus, the presence of a significant amount of reduced Tyr D in the WT′ had little effect on the miss and double-hit parameters, and this contrasts with what is observed in plant PSII. This is due to the rate of the S 2 -Tyr D f S 1 Tyr D
• (and S 3 Tyr D f S 2 Tyr D • ) reaction being slow in PSII from T. elongatus relative to the dark time between the flashes of a sequence (see below and refs 27 and 73).
The main reduction reactions in the dark of the enzyme in the S 3 state back to the S 2 state and of the S 2 state back to the S 1 state are not significantly modified in the Y160F mutant. It is seems therefore likely that both the S 1 /S 2 and S 2 /S 3 couples have the same redox potential in WT′-PSII and Y160F-PSII. The fast phase with a t 1/2 for S 3 decay close to 8 s and that is present in 24% of WT′ reaction centers probably corresponds to the S 3 Tyr D f S 2 Tyr D
• reaction. In Y160F thylakoids, we found that S 1 could be very slowly reduced (t 1/2 ≈ 30 min) into S 0 in 20-30% of the centers. + reduction in WT′-PSII and Y160F-PSII exhibit very small differences. As mentioned above, the use of repetitive flash illumination only allowed us to have a global view of the effect of the mutation. A small slow down in the microsecond time scale was nevertheless observed. Changes in this time domain have been proposed to correspond to the reorganization of the hydrogen-bonding network around Tyr Z
• , which in turn could affect the P 680 + -Tyr Z T P 680 Tyr Z
• equilibrium (37, 74) . Another effect of the Y160F mutation was a slight acceleration of the fastest part (tens of nanoseconds time scale) of the P 680 + reduction. This effect was accounted for by a slightly shorter half-life time (16 ns instead of 19 ns in the WT′) and a slightly larger amplitude (30% instead of 28% in the WT′) of the fastest phase. However, because of the weakness of the effects and the possibility of compensation between phases and between half-life times and amplitudes in multiexponential fits, we would not exclude that either only the half-life time or only the amplitude of the fastest phase was modified by the mutation. A larger amplitude of the fastest phase in the mutant would be most easily explained by a higher average proportion of centers in S 0 and S 1 , to which the fastest phase has been assigned (35) . A slightly higher proportion of S 0 and S 1 under repetitive excitation might be supported by our observation of a higher stability of S 0 in Y160F-PSII compared to that in WT′-PSII (see Figure 4 ). An acceleration of the fastest phase of the P 680 + reduction may result from a modification of the P 680 /P 680 + properties as discussed below. Our results on the reduction kinetics of P 680 + differ slightly from a comparable study on Chlamydomonas in which a qualitatively similar mutation effect was observed in the microsecond scale, but no significant differences were found in the nanosecond time scale (the reported fit parameters of the fastest phase were t 1/2 ) 14 ( 3 ns (37%) in the WT′ and 15 ( 3 ns (38%) in Y160F-PSII) (45) . It is not clear whether the deviation from our results is due to the different species, to the quality or stability of the PSII complexes (PSII from Chlamydomonas is more susceptible to damage during isolation than that from T. elongatus), or to an insufficient signal-to-noise ratio or time resolution (the data presented in ref 45 were digitized at 20 ns/channel compared to 1 ns/ channel in our study).
The difference spectra close to the Soret bleaching of P 680 upon flash illumination revealed a red shift in WT′-PSII, which oscillated with a period of 4. In Y160F-PSII, this oscillation was attenuated. It has been proposed that P D2 absorbs at a slightly higher wavelength than P D1 , i.e., 436 versus 433 nm (17) . A small displacement to the right of the P D1 + P D2 T P D1 P D2 + equilibrium in the S 2 and S 3 states when compared to the situation in the S 0 and S 1 states would account for the oscillating red shift of the spectra observed in WT′-PSII. The results obtained above would suggest that in Y160F-PSII the P D1 + P D2 T P D1 P D2 + equilibrium would be less-modified by the redox state of the Mn 4 CaO 4 cluster. This may occur if in Y160F-PSII the P D1 + P D2 T P D1 P D2 + equilibrium in the S 1 state was already slightly shifted to the left in the mutant compared to the WT′. Such a shift in favor of P D1 + P D2 correlates with the slightly faster reduction of P 680 + observed in Y160F-PSII. We may imagine a model in which the absence of Tyr D
• would slightly affect the position of the His189 (hydrogen bonded to Tyr D
• in WT′-PSII), which in turn would affect the proton network around P D2 and therefore would induce an electrostatic constraint on P D2 .
The FTIR difference spectrum of P 680 + /P 680 shows that either a carbomethoxy CdO stretch of a Chl molecule or the CdO stretch of a protonated caboxylic acid of the protein side chain downshifted about 10 cm -1 upon mutation, although the keto CdO stretching bands of neutral P 680 and P 680 + were virtually unchanged. If the former assignment is the case, then we have to assume that the hydrogen-bonding interaction of the carbomethoxy CdO of P D2 with D2-Ser282 (64) becomes stronger by perturbation of the hydrogen-bond network between P D2 and Tyr D upon Y160F mutation. In any case, the FTIR data suggest that the interaction of P 680 itself or the vicinity of P 680 is slightly affected by Tyr D deletion.
The proposed electrostatic influence of Tyr D • at least at higher pH values. The lack of an electrostatic effect in the intact enzyme can be explained if the proton acceptor [the His189 or Gln164, (7)] is already protonated under the conditions tested. Because the pH used is thought to be close to the pH in vivo, then clearly, we can conclude that the putative electrostatic effect is not of importance to the normal enzyme function. We cannot rule out an effect at higher pH values, and future studies will focus on the influence of the Y160F mutation at higher pH. It thus remains possible that Tyr D could have an electrostatic role during photoactivation. Further experiments on Mn-depleted PSII are required to test for such effects.
Overall we have achieved our aim of engineering and isolating a fully intact PSII that lacks the tyrosyl radical Tyr D • conversions. This constitutes the ideal material for a range of spectroscopic studies and particularly for EPR spectroscopy. To show that the EPR signals from PSII can indeed be obtained free of the "Tyr D
• glitch", we have presented here three demonstration spectra: (i) the multiline signal of the Mn cluster in the S 2 state (Figure 8 ), (ii) the S 2 Tyr Z
• split signal generated when the enzyme is inhibited with acetate ( Figure 10) , and (iii) another split signal generated by IR illumination of the S 3 state (Figure 9 ).
The central part of the S 2 -multiline signal reveals, not surprisingly, two more lines. Although these lines will probably have a small influence on the information available from simulations, we commend the new clean signal to the simulators.
A new radical signal was detected in the flash-induced S 2 spectrum in Y160F-PSII, and this species behaves as if it was in equilibrium with the spin ) 1 / 2 S 2 state giving rise to the multiline signal. Given the very minor influence of Tyr D removal, it seems likely that the same radical species exists in the WT′-PSII but that until now the Tyr D
• EPR signal prevented its detection. An estimate of the proportion of centers in which it is detected indicated that the equilibrium would be S 2 multiline (>99.8%) T radical (<0.2%). The chemical nature of the radical is not clear. However, the current view of the redox equilibria, Mn 4 x Tyr Z P 680 T Mn 4 -Tyr Z
• (H + )P 680 T Tyr Z P 680 + , leads to the prediction that P 680 + will be present at a concentration in the order of 0.1% (discussed in ref 75) , i.e., close to the concentration of the radical detected here. Therefore, P 680 + might be considered as a possible candidate. Freezing of the sample will have an unpredictable effect on such equilibria; however, if any P 680 + becomes trapped, we might expect that the -carotene would donate an electron in the 20-ms time scale at a low temperature (76, 77) . The -carotene cation seems to mediate electron transfer from the cytochrome b559 or from Chl Z when the cytochrome is preoxidized (77) . In our material, cytochrome b559 is in a high redox potential and therefore reduced in the majority of the centers (28) . However, the radical seen here could reflect the -carotene or Chl Z cation in the fraction of centers in which cytochrome b559 is preoxidized.
The signal induced by near-infrared illumination of the S 3 state (Figure 9 ) has the expected pattern of a split signal arising from a radical magnetically interacting with a metal center. By contrast, the light-induced signal in acetate-treated Y160F-PSII differs from what is expected from the simulated spectra (50, (78) (79) (80) . The main surprise is that the signal in Figure 10 exhibits a central line in addition to the expected splitting. Although there are several possible explanations, it seems the simple models applied previously of a spin ) 1 / 2 radical interacting with a noninteger spin system such as the Mn-cluster (spin ) 1 / 2 ) system generated at the same time should be reassessed at least to describe the situation in a fraction of the centers.
Future EPR studies and simulations will be done using the Y160F-PSII preparation described here. This enzyme, engineered specifically to facilitate such spectroscopic studies, should prove as a new useful tool in work on the enzyme function.
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8 VI) Absorption changes at 439 nm.
Measurements were done 5 ns after flash illumination, in WT'-PSII (■) and
Y160F-PSII (■).
The experimental data were fitted similarly to those at 292 nm by using the parameters listed in the following table. An additional very small offset of -51 10 -6 accumulated on each flash was added in the fitting of the Y160F data: (---□---) fit of WT'-PSII, (---□---) fit of Y160F-PSII. The green trace (■) was calculated with the parameters used to fit the WT'-PSII data excepted the S 1 /S 0 ratio which was changed to 0.7/0. -(∆I/I)×10 6 Flash number
